The loss of bases from cellular DNA occurs via both spontaneous and mutagen-induced reactions. The resulting apurinic/apyrimidinic (AP) sites are cytotoxic and mutagenic but are counteracted by repair initiated by AP endonucleases. Previously, in vitro and bacterial transfection studies suggested that AP sites often prompt insertion of dAMP residues during replication, the A-rule. Dissimilar results have been obtained by transfecting DNA into eukaryotic cells. It seemed possible that these differences might be due to idiosyncrasies of transfection or aberrant replication of the transfecting DNA. The observation that AP endonuclease-deficient strains of the yeast Saccharomyces cerevisiae have elevated spontaneous mutation rates allowed us to determine the mutational specificity of endogenously generated AP sites in nuclear DNA. With the yeast SUP4-o gene as a mutational target, we found that a deficiency in the major yeast AP endonuclease, Apnl, provoked mainly single base-pair substitution; the rate of transposon Ty insertion was also enhanced. The rate of transversion to a G-C pair was increased 10-fold in Apnl-deficient yeast, including a 59-fold increase in the rate of AFT -+ CG events. In contrast, the rate of transversion to an AFT pair was increased by only 3-fold. A deficiency in N3-methyladenine glycosylase offset these substitution rate increases, indicating that they are due primarily to AP sites resulting from glycosylase action. Thus, the A-rule does not seem to apply to the mutagenic processing of endogenous abasic sites in S. cereviswae. Other results presented here show that AP endonuclease-deficient Escherichia coi exhibit a mutator phenotype consistent with the A-rule.
The loss of DNA bases to form apurinic/apyrimidinic (AP) sites occurs constantly. Such abasic lesions result from the inherent chemical instability of DNA, as well as the incessant assault of endogenous and environmental agents (1) . AP sites are formed directly through the slow hydrolysis of the N-glycosyl bonds that anchor bases to DNA, but pyrimidines are lost at a much slower rate than purines (2) . Spontaneous and mutagen-induced DNA damages include modified bases that have unstable glycosyl bonds or are substrates for DNA glycosylases, enzymes that remove the damaged bases to generate AP sites (3, 4) . AP sites in DNA provide blocks to DNA synthesis and are substrates for mutagenesis in both prokaryotes and eukaryotes (3) .
The onslaught of AP sites is opposed primarily by the class of repair activities called AP endonucleases (5) (6) (7) (8) . The predominant forms of these enzymes hydrolyze the phosphodiester bond on the immediate 5' side of an AP site in duplex DNA; the nicked molecule is then further processed by nucleases that remove the dangling 5' AP site, followed by DNA repair synthesis and ligation (4) . AP endonucleases and the genes that encode them have been isolated from bacteria, the yeast Saccharomyces cerevisiae, Drosophila melanogaster, and mammalian cells (5) (6) (7) (8) (9) (10) (11) . In Escherichia coli, exonuclease III and endonuclease IV account for -95% of the total AP endonuclease activity in cell extracts (5, 6, 8) . The biological role of the E. coli enzymes has been confirmed by the observation that enzyme-deficient strains are hypersensitive to and hypermutable by agents that generate abundant AP sites, such as DNA-methylating compounds. Analogous experiments (12) demonstrate the in vivo function of Apnl, the major AP endonuclease of S. cerevisiae. Moreover, Apnl-deficient strains of yeast exhibit a substantially elevated rate of spontaneous mutation for several test genes and for different conditions (12) . These data suggest that unrepaired AP sites produced endogenously are indeed mutagenic lesions.
The mutational specificity of AP sites was first explored in transfection experiments in which single-stranded bacteriophage DNA was introduced into E. coli, with the specific changes established by analysis of the DNA recovered from the cells (13, 14) . In these experiments, the mutations found were mainly transversions that apparently resulted from the insertion of dAMP residues opposite the abasic sites during replication. Analysis of the template specificity of AP sites during in vitro DNA synthesis by a variety of DNA polymerases has indicated a preference for insertion of dAMP (15) (16) (17) (18) (19) (20) . These and other results gave rise to the so-called A-rule (noninstructional insertion of adenine by DNA polymerase), which has since been applied to explain the mutational specificity of a variety of DNA lesions that lack obvious coding capacity (21) . Subsequent experiments involving transfection of AP site-containing DNA into eukaryotic cells suggested that the mutational specificity of AP sites might be different in nucleated cells (22) (23) (24) . However, transfection experiments can be criticized at least on the grounds that the incoming DNA might undergo additional modification or be subject to a type of DNA synthesis that does not represent the actual chromosomal replication mechanism. Given the mutator effect of Apnl deficiency in yeast (12) , we chose to examine this issue for spontaneously produced AP sites in the nucleus of S. cerevisiae. The results indicate that unrepaired endogenous AP sites have significant mutagenic potential in eukaryotes, but with a mutational specificity different from that expected on the basis of the A-rule.
MATERIALS AND METHODS
Strains, Plasmid, and Media. The haploid, repair-proficient yeast strain MKP-op (MATa, canl-100, ade2-1, lys2-1, ura3-52, leu2-3,112, his3-A200, trpl-A901, YCpMP2) (25) and isogenic derivatives deleted either for APNI (apnl-Al:: HIS3) (DRY373-p) (12) (34) , transformed into JF1754 by using calcium chloride (25) , and isolated from JF1754 by an alkaline extraction procedure (35) . SUP4-o alleles were sequenced on double-stranded YCpMP2 molecules (36) . x2 tests with Yates' correction for continuity (37) were used to assess differences in several parameters. The null hypothesis that the apnl-AI mutator did not influence the distribution of substitutions in SUP4-o was evaluated by the Monte Carlo estimate of the P value of the hypergeometric test (38) . For both tests, values of P < 0.05 were considered significant.
RESULTS
Plasmid Stability and Spontaneous Mutation Rate in Yeast. MKP-op (APNI) and DRY373-p (apnl-Al) were grown aerobically from low-titer inocula to stationary phase in medium selective for the plasmid. The cultures were then plated to measure plasmid retention and to select canavanine-resistant colonies. Since the two strains are isogenic except for the APNI locus, any differences should have been due to the apnl-Al mutator effect and not to variation in genetic background. Plasmid retention was determined by comparing the number of colonies that formed on medium selective for the plasmid with the number for nonselective medium. Of the DRY373-p cells, 89%6 (5993/6669) carried YCpMP2 compared to 86% (10,879/12,599) for MKP-op, indicating that APNI did not influence plasmid stability. However, the apnl-Al mutator enhanced the spontaneous SUP4-o mutation rate by 4-fold (MKP-op, 5.5 x 1O-7; DRY373-p, 21.7 x 10-7), an increase similar to those observed for reversion of ade2-1, lys2-1, and trpl-289 in Apnl-deficient strains (12) . Deletion of the MAG gene, which encodes a glycosylase that extracts N3-and N7-methylated purines (26) , prevented the increase in the mutation rate (WXMA-p, 3.9 x 10-7). Since the glycosylase specifically generates AP sites, this result indicates that failure to repair these endogenous lesions was responsible for the apnl -Al mutator effect. Preliminary findings indicate that the spontaneous mutation rate in a strain deleted only for MAG is no greater than the value for MKP-op (data not shown).
Characterization of SUP4-o Mutants. To ensure that the spontaneous SUP4-o mutations analyzed by DNA sequencing arose independently, only two mutants were chosen from any one culture. If both members of a pair were subsequently found to have the same sequence alteration, the result for only one was counted. This procedure did not underestimate the mutational hot spots because only a small fraction of the total mutants examined was discarded (MKP-op, 3/231; DRY373-p, 10/209), andjust two ofthose rejected were at the same site.
The mutational spectrum for 199 SUP4-o mutations selected in DRY373-p was compared to that for 228 mutants isolated in parallel in MKP-op (Table 1) . For both strains, most events were single BPSs (SBPSs), and these are examined in more detail below. Slightly more SBPSs, and somewhat fewer single base-pair deletions, were recovered in the apnl-Al strain than in MKP-op, but the differences were not significant (P > 0.1 and 0.05, respectively). Increases in the rates of SBPS (4-fold) and insertion ofthe yeast transposable element Ty (5-fold) accounted for 93% of the total increase in the SUP4-o mutation rate attributable to the apnl-Al mutator. Although the single base-pair deletion and insertion rates also were enhanced, either the increase was small (2-fold for deletions) or few mutants were recovered (insertions). Tandem double substitutions, multiple base-pair deletions, and more complex changes were rare in both strains and a tandem triple and a nontandem double substitution were detected only in MKP-op or DRY373-p, respectively. The sequence alterations other than SBPSs are detailed in Table 2 .
Types and Distributions of SBPSs. Table 3 shows that all six possible types of SBPS were recovered at increased rates in the apnl-Al strain but that the ratio of the transversion to transition rates was 2.5-fold greater in the apnl-Al back- ground (P < 0.001). This difference was due mainly to substantial increases in the rates of A-T -* C-G, G-C --C-G, and A-T -> T-A transversions accompanied by much smaller relative increases in the rates of the other classes of SBPS. Notably, 71% of the SBPS rate increase associated with the apnl -Al mutator was due to events involving replacement by a G-C pair. Indeed, the total rate of such transversions was increased by 10-fold compared to a 3-fold increase for the rate of total transversions to an ANT pair. This was most striking for the A-T COG transversion, for which the rate was 59-fold greater in the apnl-AJ] than in the APNJ strain (Table  3) . We also examined a small collection of independent SBPSs that arose in the apnl-Al strain deficient for the MAG glycosylase (each mutation was isolated from a separate culture). The ART --* CG transversion rate was reduced by 83% in the double mutant relative to the apnl-Al strain, and the other SBPS rates were close to the corresponding values for the wild-type background (Table 3 ). These results suggest that replication past unrepaired AP sites resulting from spontaneous DNA alkylation was largely responsible for the SBPS specificity of the apnl-Al mutator. Thus, it is interesting that the frequency of A-T-* C-G transversions induced by DNA ethylation in hamster cells was markedly decreased by simultaneous treatment with methoxyamine (39) , which specifically reacts with abasic lesions.
The distributions of all the SBPSs recovered in the wildtype and apnl-Al strains are compared in Fig. 1 (38) to compare the two distributions indicated that this putative site specificity was not due to random sampling error (P < 0.002).
Specificity of lacZ Reversion in Axth nfo::kan E. coli Strains. The finding that defective repair of endogenous AP sites in yeast provokes a predominant increase in the rate of transversion to G-C base pairs contrasts with expectations based on the study of AP site mutagenesis in E. coli (see Introduction). To our surprise, we were unable to identify any published report on the possible mutational specificity of AP endonuclease deficiency in E. coli. We therefore constructed a series of test strains defective in both the xth (encoding exonuclease III) and nfo (encoding endonuclease IV) genes. These enzymes together constitute -95% of the total AP endonuclease activity in growing E. coli (5, 6, 8) . Null mutations were introduced into a series of strains (28) that can be used to detect individually all 6 SBPSs at one site within lacZ by scoring for reversion to the Lac' phenotype. The AP endonuclease deficiency had a spontaneous mutator effect that varied with the lacZ allele examined (Table 4) . In contrast to the results for yeast, however, the largest frequency increase (22-fold) was seen for A-T -* T-A transversions, while the frequency of A-T C-G transversions increased by only 3-fold. It should be noted, however, that results for reversion at single sites (as in the lacZ system) must be generalized with caution; the positions in question might coincidentally be hot or cold spots for specific SBPSs induced by particular lesions.
DISCUSSION
The frequent and potentially mutagenic loss ofDNA bases (3) is counteracted by AP endonucleases, enzymes that are For the apnl-AI magA strain, 67 mutants were characterized, and one was a base-pair insertion.
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Only the region of the transcribed strand encoding the tRNA is shown. The anticodon is at 36-38 and the 14-bp intron is inferred to extend from 40 to 53 as for the sup4+ allele (40) .
ubiquitous (5) . Elimination of the main such enzyme (Apnl) from S. cerevisiae confers a mutator effect (12) , the specificity of which we have established in this study. The spontaneous mutator spectrum is dominated by transversions to G&C base pairs, which account for more than half of the increase in the mutation rate. In contrast, transversions to A-T base pairs may highlight the mutator phenotype of AP endonuclease-deficient E. coli.
We have obtained evidence that abasic sites are critical targets for Apnl in its role to limit the rate of spontaneous mutagenesis in yeast. The mutator effect resulting from Apnl deficiency was strongly offset by the introduction of a second mutation causing a deficiency in the MAG-encoded N3-methyladenine glycosylase. This enzyme extracts N3-and N7-methylated purines (26) to produce AP sites but may have a broader substrate specificity that includes nonalkylation damages such as 8-hydroxyguanine (41), an oxidized base. Consistent with a possible role for oxidative damage in the apnl -Al mutator effect, the rate of spontaneous mutation was lowered when an apnl-AJ strain was grown anaerobically, but the mutator phenotype was still evident under those conditions (12) . This outcome is consistent with both spontaneous oxidation and alkylation contributing to the formation ofAP sites during aerobic growth. Thus, our results, plus a similar finding for reversion of the trpl-289 allele (26) , indicate that spontaneous purine alkylations in the yeast genome are processed by the N3-methyladenine glycosylase to AP sites that become targets for mutagenesis in the absence of Apnl. Although Apn1 also removes deoxyribose fragments at free radical-induced strand breaks (5), mutagenesis by such damage has not been reported. Frequencies are means ± SD for four independent experiments.
Relative increase = (Axth nfo::kan)/wild type.
During normal aerobic growth, AP sites probably are also produced in yeast in at least two other ways: (i) by glycosylase-mediated excision of uracil from DNA (42); and (ii) by spontaneous oxidant damages (besides 8-hydroxyguanine) that either directly cause abasic sites or give rise to modified bases (e.g., thymine glycol) that are substrates for glycosylases other than the MAG gene product (5). However, the dramatic effect of N3-methyladenine glycosylase deficiency on the apnl-Al mutator suggests that abasic sites created by the MAG-encoded enzyme may outnumber those generated by other means. AP sites from these other sources likely contribute to the residual levels of mutagenesis detected in the apnl-Al magA strain.
Previously, the strength of the apnl-Al mutator was found to vary at different genetic loci (12) , but a large increase in the rate of transversion to G-C base pairs was not predicted. Our data show that most of these changes are due to loss of DNA purines. Consequently, our findings suggest that AP sites in yeast trigger the insertion of dGMP during translesion DNA synthesis. This preference does not arise from a selection bias in the mutational assay system used, because in SUP4-o the insertion of dAMP opposite purines can be detected at more sites than insertion of dGMP (63 vs. 52 sites, respectively) (32) .
Numerous published studies indicate a significant tendency of both prokaryotic and eukaryotic DNA polymerases to insert dAMP rather than dGMP opposite AP sites in vitro (3, (13) (14) (15) (16) (17) (18) (19) (20) (21) . Some nonphysiological aspect of these systems (the presence or absence of auxiliary replication factors, the lack of native chromatin structure, etc.) could underlie this in vitro partiality. Alternatively, the apparent preference for dGMP insertion might be the result of a pre-or postreplication step. Perhaps unrepaired AP sites in yeast can react with some other cellular component to generate lesions with modified mutational properties. For example, the aldehyde form of deoxyribose has the potential to form a Schiffs base with protein lysines, although this reaction is expected to be slow (2) . A postreplication repair system also could process duplex AP site-containing intermediates but in yeast fail to act on the AP:dGMP structure. Such a repair mechanism might be considered analogous to the MutY glycosylase that removes adenine inserted opposite 8-hydroxyguanine during DNA replication in E. coli (43) . Of course, our experiments cannot rule out the possibility that a mutagenic process, which acts on lesions other than AP sites, is triggered in
apnl-Al cells and generates the mutational patterns observed. However, the apnl-Al mutator phenotype argues that such patterns do not result from the activation of an antimutagenic system that dampens mutagenesis at the lesions responsible for spontaneous mutation in the wild-type strain.
The reversion pattern we observed for lacZ missense alleles in AP endonuclease-deficient E. coli is more consistent with previous studies suggesting a preference for dAMP insertion opposite AP sites in this organism. For several reasons, we cannot conclude that the different specificities of the yeast and E. coli mutators necessarily point to dissimilarities in the processing of endogenous AP sites. First, different mutational targets and assays were used (SUP4-o forward system for yeast vs. lacZ reversion system for E. coli), making any comparison rather speculative. Substitution rates at individual sites depend on the incidence and processing of damage, factors that probably are influenced by the context of flanking sequences. Second, it is not certain that the specificity of the AP endonuclease-deficient E. coli mutator reflects a failure to repair only AP sites. Both exonuclease III and endonuclease IV also act on other DNA lesions that might have contributed to the mutational pattern observed in the bacterial strain. Third, AP site mutagenesis requires activation of the SOS system in E. coli (3, 13) . Although this response can be provoked by the presence of unrepaired AP sites (44) , the extent to which SOS may have been induced in the AP endonuclease-deficient strain was not determined.
Finally, the apnl-Al mutator also increased the rate of insertion of the yeast retrotransposon Ty into SUP4-o. Elsewhere, we have suggested that transposition of Ty might be activated by spontaneous DNA damage (45) . Since deletion of APNI diminishes repair of AP sites and free radicalinduced strand breaks, our results indicate that failure to eliminate specific, spontaneously occurring DNA lesions can promote Ty transposition.
Although this and many previous studies (3) support the operation of an A-rule in E. coli, transfection experiments with a site-specifically located abasic site in double-stranded DNA suggested the lack of such a rule in rodent and simian cells (23, 24) . While such transfection studies have not been reported for S. cerevisiae, our results for spontaneous mutagenesis in Apnl-deficient yeast suggest that mutagenic processing of AP sites might also differ in this eukaryote. Taken together with the mammalian cell studies, these observations argue that the A-rule cannot be readily extrapolated to nucleated cells.
